Developing cultivars with host resistance to nematodes, which can be defined as the suppression of nematode reproduction by the resistant plant relative to reproduction on a susceptible genotype of the same species (49) , is a desirable approach to manage nematodes. Many sources of moderate resistance to M. arenaria have been identified from A. hypogaea in the United States germplasm collection (17, 19) . High levels of resistance to M. arenaria exist in Arachis spp. (16, 31) , and resistance has been introgressed into A. hypogaea. Currently, there are six registered interspecific germplasm lines with resistance to M. arenaria: TxAG-6 and TxAG-7 (36), GP-NC WS 5 and GP-NC WS 6 (41) , and NR 0812 and NR 0817 (3) . A backcrossing program was used to introgress the root-knot nematode resistance from TxAG-7 into peanut breeding populations (43) . This work resulted in the release of cvs. COAN and NemaTAM, which are highly resistant to M. arenaria and M. javanica (37, 38) . The resistance in the two cultivars is governed by a single dominant gene (8, 42) . However, neither COAN nor NemaTAM has been widely used in agricultural practice due to the low yield potentials relative to the recurrent parent Florunner in noninfested fields (44) and high susceptibility to Tomato spotted wilt virus (TSWV; 20) . No peanut cultivars or interspecific germplasm have high levels of resistance to M. hapla (46) , although resistance to M. hapla has been identified in Arachis hypogaea and related species (7, 13, 45) .
Planting cultivars with currently available sources of nematode resistance may be effective in managing M. arenaria and M. javanica; but the presence of M. hapla throughout the peanut-growing region raises concerns about durability of resistance. Planting cultivars with resistance genes to M. arenaria and M. javanica may provide a competitive advantage to M. hapla and lead to a species shift. In an analogous situation, planting potato cultivars with resistance only to Globodera rostochiensis led to a rapid increase in G. pallida, a species unaffected by the resistance (12) . Reliance on a single gene for resistance to nematodes also can lead to selection of virulent biotypes. Several populations of M. incognita recently have been identified as virulent on tomato with Mi in regions where tomato is a major crop (14, 25) . Additional sources of resistance to root-knot nematodes in peanut are needed to develop new cultivars with broad and durable resistance to Meloidogyne spp.
In order to expedite breeding for nematode resistance, several molecular markers have been developed (6, 9, 10, 15) . One random amplified polymorphic DNA (RAPD) marker, Z3/265, was developed from an F 2 population of GA6 (A. hypo-gaea (PI261942) × A. cardenasii Krapov. & W.C. Gregory) backcrossed with PI261942 (15) . A 265-bp fragment derived from A. cardenasii was linked at 10 ± 2.5 and 14 ± 2.9 centimorgans from the putative nematode resistance genes Mag and Mae, respectively. It was converted successfully into a sequence-characterized amplified region (SCAR) marker (15 (9) . This SCAR marker amplifies fragments from both susceptible and resistant plants but of different molecular weights, thus avoiding false negative classifications caused by failed reactions with dominant markers.
The objectives of this study were to (i) use greenhouse screening methods and molecular markers to identify new resistance sources to M. arenaria, M. javanica, and M. hapla and (ii) determine the correlations between the resistances to different species of Meloidogyne.
MATERIALS AND METHODS
Peanut genotypes. In all, 60 peanut genotypes were evaluated in this study. These included 9 cultivars from China; 9 cultivars from the United States; 12 and 5 breeding lines from China and the United States, respectively; 4 released germplasm lines from the United States; and 21 selections from Chinese peanut germplasm and local cultivars (Table 1) . Of these, five accessions previously had been reported to have moderate resistance to M. hapla (D009, D029, D031, D040, and D099) (13, 40) ; eight accessions (NR 0817 [3] , GP-NC WS 5 and GP-NC WS 6 [41] , COAN [37] , NemaTAM [38] , C209-6-37 [18] , and C724-19-11 and C724-25-8 [C. C. Holbrook, unpublished]) had high or moderate resistance to M. arenaria; and COAN (37) and NemaTAM (38) were reported to be resistant to M. javanica.
Nematode inoculum. One isolate each of M. arenaria, M. hapla, and M. javanica was used to evaluate the peanut accessions for resistance. The isolate of M. arenaria originated from a peanut field in Tift County, GA. M. javanica and M. hapla were isolated from peanut in Texas. The nematodes were cultured alternately on tomato (Lycopersicon esculentum cv. Rutgers) or eggplant (Solanum melongena cv. Blackbeauty) and peanut cv. Georgia Green. Eggs used for inoculum were extracted from roots of tomato or eggplant by use of 0.05% NaOCl in water (24) . Species identity of the isolates was confirmed by isozyme phenotyping and by a host differential test (33) .
Greenhouse resistance screening. The peanut genotypes were evaluated for resistance to M. arenaria, M. hapla, and M. javanica in three separate experiments in a greenhouse with six replicates in each trial. Two seeds were planted in each 10-by-10-cm 2 pot filled with steam-pasteurized (steam heated at 100°C for 6 h) sandy soil (texture: 85% sand, 11% silt, and 4% clay) and thinned to one plant per pot after germination. Eight thousand nematode eggs were distributed into two holes (3 cm deep) at the base of each plant 2 weeks after planting and covered with soil. In the greenhouse, soil temperatures varied between 20 and 35°C; every experiment was arranged as a randomized complete block design on a bench. Peanut plants were uprooted and washed clean of soil 60 days after inoculation. Each plant was assessed for root galling based on the following index: 0 = no galling, 1 = trace infection with a few small galls, 2 = ≤25%, 3 = 25 to 50%, 4 = 51 to 75%, and 5 = ≥75% of root galled. Roots then were cut into approximately 5-cm pieces, weighed, and agitated in 1% NaOCl solution for 5 min. Eggs were collected and rinsed with tap water on nested 150-and 25-µm-pore sieves, and a subsample was counted under ×10 magnification with an inverted microscope. The genotypes selected as resistant to nematodes, based on either gall index or egg number per gram of root, and the susceptible control (Georgia Green) were reevaluated at least one more time to confirm the resistance.
Gall index and egg number data were analyzed with the PROC GLM procedure of SAS (version 9.1; SAS Institute, Inc., Cary, NC). Means for each genotype within one nematode population were calculated with least-squares estimates of marginal means (LSMEANS), and an individual t test was used for mean separation. The correlation coefficients of resistance to different species of Meloidogyne were analyzed by the PROC CORR procedure of SAS.
SCAR marker screening. Newly expanded leaf tissue samples were collected from approximately 30-day-old peanut seedlings in the greenhouse. Total genomic DNA was extracted using the cetyltrimethylammonium bromide method according to Hopkins et al. (21) , with several modifications. The DNA was dissolved in Tris-EDTA buffer (10 mM Tris and 0.1 mM EDTA, pH 8.0) with 1% RNase and stored at 4°C. SCAR makers Z3/265 (15) and 197/909 (9) were used to determine whether the resistance gene or genes were linked to the M. arenaria-resistant markers in selected genotypes. In all, 1 µl of the DNA extract was used for a 25-µl-volume polymerase chain reaction (PCR) reaction. Each PCR reaction was performed with 0.5 U of Hotmaster Taq DNA polymerase (Promega Corp., Madison, WI) using the buffer supplied by the manufacturer containing 25 mM Mg 2+ (final reaction concentration, 2.5 mM). Amplification conditions for both sets of primers were similar: initial denaturation at 95°C for 5 min; 40 cycles of 95°C for 30 s, annealing temperature of 60.2°C for 30 s, and 72°C for Gall index, where 0 = no galling, 1 = trace infection with a few small galls, 2 = ≤25%, 3 = 25 to 50%, 4 = 51 to 75%, and 5 = >75% of roots galled. Data were least-squares estimates of marginal means (LSMEANs) ± standard errors. c Data were LSMEANs ± standard errors. d HR = highly resistant, eggs/g of root ≤10% of Georgia Green; MR = moderately resistant, eggs/g of root ≤50% of Georgia Green and gall index = ≤3.00; and S = susceptible, eggs/g of root>50% of Georgia Green or gall index >3.00. 30 s; and final extension at 72°C for 7 min. All PCR amplifications were performed with the GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA). PCR products were separated on 2% agarose gels (Invitrogen, Carlsbad, CA) and 8% polyacrylamide (PAGE) gels.
RESULTS

M. arenaria. Fifty-seven genotypes
GP-NC WS 5 also was included in trial 3, although it had a high gall index and eggs per gram of root in the earlier trials. There were no significant interactions of genotype-trial for gall index and eggs per gram of root; thus, data for the genotypes included in all three trials or in the second and the third trials were pooled across trials. The data was analyzed with GLM of SAS as unbalanced data set ( Table  2 ). Eggs per gram of root for all the selected genotypes, except GP-NC WS 5, were lower (P ≤ 0.05) than the susceptible control Georgia Green. Reproduction of M. arenaria on genotypes NemaTAM, GP-NC WS 6, COAN, and C724-25-8 were less than 10% of Georgia Green, and they were classified as highly resistant (HR). Sixteen genotypes were classified as moderately resistant (MR) because nematode reproduction was <50% of Georgia Green. The genotypes 950213 and GP-NC WS 5 were classified as susceptible (S). On all the HR and MR genotypes, gall indices were ≤3.00.
The variability of egg numbers for NR 0817, C724-19-11, and D108 was extremely high, and the frequencies of individual plants with different resistance levels for these three genotypes were different from NemaTAM (highly resistant), C209-6-37 (MR), or Georgia Green (susceptible) (Fig. 1) . Genotypes NR 0817, C724-19-11, and D108 showed high frequencies in both HR and S categories, and low in MR, although they were ranked in the MR group. This suggests that these three genotypes were segregating. The resistant phenotype of the SCAR marker Z3/265 was detected in five (62.5%), three (42.9%), and two (33.3%) individuals of NR 0817, C724-19-11, and D108, respectively. Those plants showing the marker were scored HR in the greenhouse screening, whereas the others showed a susceptible band pattern with one exception in C724-19-11 (Fig. 2) .
M. javanica. In all, 57, 34, and 24 genotypes were included in the M. javanica screening trials 1, 2, and 3, respectively. Trials 2 and 3 included resistant selections from the previous trial, new collections, and the susceptible control Georgia Green. Data for those genotypes that were tested in three or the last two trials were pooled and analyzed because there were no significant interactions between genotypes and trials for gall index and eggs per gram of root (Table 3 ). All the selected genotypes, except GP-NC WS 5, showed lower (P ≤ 0.05) eggs per gram of root and gall indices than the S control Georgia Green. The eggs per gram of root for genotypes C724-25-8, NemaTAM, and COAN were less than 10% of the S control, and these three genotypes were classified as HR. Based on both eggs per gram of root and gall index, 18 genotypes were classified in the MR group. On genotypes HTS 02-01 and GP-NC WS 5, M. javanica produced over 50% of the eggs produced on Georgia Green; therefore, these two genotypes were classified as S.
M. hapla. In all, 57, 37, and 26 genotypes were included in the M. hapla screening trials 1, 2, and 3, respectively. Trials 2 and 3 included resistant selections from the previous trial, new collections, and an S control, Georgia Green. Data for those genotypes, which were included in all three or in the last two trials, were combined for analysis. Compared with M. arenaria and M. javanica, the galls caused by M. hapla were smaller and the symptoms on root systems were less severe. Therefore, the gall index standard which was used to identify the resistant geno- types to M. hapla was modified from that for M. arenaria and M. javanica. The gall indices for the genotypes that were classified as highly or moderately resistant to M. hapla were ≤2 rather than ≤3.0 for M. arenaria and M. javanica. The genotypes GP-NC WS 5, HTS 02-01, D108, and NemaTAM supported the same amount of M. hapla reproduction as the S control Georgia Green (Table 4) . The genotypes D031, 970105, and 990304 were HR to M. hapla, with <10% of the eggs per gram of root of Georgia Green. Eighteen genotypes with ≤50% of the eggs per gram of root on Georgia Green and low gall indices (≤2.0) were MR.
SCAR marker phenotypes. In total, 27 genotypes, including 26 selected genotypes with high or moderate resistance to one or more of the three Meloidogyne spp. and the susceptible control (Georgia Green), were evaluated with the SCAR markers Z3/265 and 197/909. On 2.5% agarose gel, the marker Z3/265 produced a strong resistance band at 265 bp on the genotypes COAN, NemaTAM, C724-25-8, GP-NC WS 6, and some individuals of C724-19-11, D108, and NR 0817 (Fig. 3) . This set of primers also produced a faint resistance band on the genotypes 970105, 991219, D040, D031, HTS 02-01, and some individuals of C724-19-11, which were MR or S to M. arenaria in the greenhouse (Figs. 3 and 2A) . The S control Georgia Green and the other genotypes did not show any specific bands.
On 8% polyacrylamide gel, the marker 197/909 amplified the M. arenariaresistant band on NemaTAM, COAN, C724-25-8, and some individuals of C724-19-11 with high resistance to M. arenaria and M. javanica, but not on GP-NC WS 6 and some individuals of NR 0817 and D108 that also showed high resistance to M. arenaria in the greenhouse. The PCR product from NR 0817 was approximately 260 bp, even smaller than that from M. arenaria-susceptible genotype Georgia Green. The genotype 970105 showed two major bands, which might be an indication of heterozygosity. The other genotypes with moderate resistance to M. arenaria or with moderate to high resistance to M. javanica and M. hapla showed the M. arenaria-susceptible band pattern (Fig. 4) .
Correlations for resistance to M. arenaria, M. javanica, and M. hapla. Of 60 genotypes, 26 were identified with some resistance to M. arenaria, M. javanica, or M. hapla. For the 26 resistance selections and Georgia Green, gall indices caused by M. arenaria were correlated with gall indices caused by M. javanica (r = 0.7498, P = 0.0015). However, the resistance to M. hapla did not show any significant correlations to resistance to either M. arenaria (r = 0.2188, P > 0.05) or M. javanica (r = 0.3256, P > 0.05). Gall index, where 0 = no galling, 1 = trace infection with a few small galls, 2 = ≤25%, 3 = 25 to 50%, 4 = 51 to 75%, and 5 = >75% of roots galled. Data were least-squares estimates of marginal means (LSMEANs) ± standard errors. c Data were LSMEANs ± standard errors. d HR = highly resistant, eggs/g of root ≤10% of Georgia Green; MR = moderately resistant, eggs/g of root ≤50% of Georgia Green and gall index = ≤3.00; and S = susceptible, eggs/g of root>50% of Georgia Green or gall index >3.00. Gall index, where 0 = no galling, 1 = trace infection with a few small galls, 2 = ≤25%, 3 = 25 to 50%, 4 = 51 to 75%, and 5 = >75% of roots galled. Data were least-squares estimates of marginal means (LSMEANs) ± standard errors. c Data were LSMEANs ± standard errors. d HR = highly resistant, eggs/g of root ≤10% of Georgia Green; MR = moderately resistant, eggs/g of root ≤50% of Georgia Green and gall index = ≤2.00; and S = susceptible, eggs/g of root>50% of Georgia Green or gall index >2.00.
DISCUSSION
Some of the peanut genotypes evaluated in this study were known to be resistant to one or more Meloidogyne spp. For the most part, our results support previous findings, such as the high resistance to M. arenaria and M. javanica in COAN and NemaTAM (37, 38) , high resistance to M. arenaria in GP-NC WS 6 (41), and moderate resistance in C209-6-37 (18) . Our results also indicated that there existed moderate resistance to M. hapla in COAN, which is consistent with the finding of Timper et al. (46) . NemaTAM was classified as susceptible to M. hapla, although NemaTAM was derived from the same backcross introgression pathway as COAN and the same genes resistant to M. arenaria and M. javanica. The resistance to M. hapla in COAN may have been lost in NemaTAM during the two additional backcross generations with Florunner. We also obtained some conflicting results from previous reports. The genotype GP-NC WS 5 (41) was released as an M. arenariaresistant breeding line, and has been used as the resistant parent to develop additional germplasm with nematode resistance (3). However, in our study, it was extremely susceptible. Perhaps GP-NC WS 5 was not completely homogeneous when it was released, and the seed that we used in this study were collected from susceptible plants. The genotype NR 0817 (3) also was released as an M. arenaria-resistant breeding line; however, in this study, it was classified as MR, mainly due to a mixture of resistant and susceptible individuals. The results indicate that the genotypes NR 0817, C724-19-11, and D108 are still segregating for resistance; therefore, further selection is needed before they would be good sources of nematode resistance for peanut breeding programs.
High levels of resistance to M. arenaria have been identified in wild Arachis spp. (31) . The different mechanisms of resistance that exist in the wild Arachis spp. suggest that different genes for resistance exist in different wild species (32, 42) . High levels of resistance to M. arenaria in A. cardenasii were reported to be conditioned by at least two dominant genes (15) and are expressed as a hypersensitive-like reaction with few second-stage juveniles showing signs of development (31 (3, 41) . Two dominant genes conferring resistance to M. arenaria were identified in GP-NC WS 6: Mae conditions resistance to egg production and Mag conditions resistance to gall formation (15, 41) . There is no evidence that Mae is the same gene that suppresses egg production in COAN. We have shown the presence of SCAR marker Z3/265 in both COAN and GP-NC WS6 and the absence of SCAR marker 197/909 in GP-NC WS 6, suggesting that the resistant genes in the genotypes derived from the two different introgression pathways may be different. Moreover, resistance in other genotypes which were moderately resistant to M. arenaria, such as D054, D031, D040, D099, and so on, also may be conditioned by different genes because all these genotypes are A. hypogaea without any introgression from wild species.
The SCAR marker Z3/265 was developed from an F 2 population of GA6, which originated from a cross made in North Carolina. In our results, this marker exists in the genotypes with resistance genes derived from both the North Carolina cross and Texas cross. It also is present in some M. arenaria-susceptible genotypes with or without any introgression from wild species. This confirmed a previous finding that Z3/265 can produce a false positive score (9) . The SCAR marker 197/909 was developed based on the sequence of an RAPD fragment that originated from COAN (9) . This marker shows a high correlation with the greenhouse phenotype data. It amplifies fragments from both susceptible and resistant samples but of different molecular weights, avoiding false negatives. However, this marker is present only in the genotypes directly related to the resistance gene derived from the TxAG-7.
In this study, we found that resistance to M. arenaria and M. javanica was highly correlated, indicating that, in many peanut genotypes, the same gene or genes may confer resistance to both species, or the resistance genes for each species are closely linked. This was different from the previous observations with the interspecific hybrid TxAG-7, in which the resistance to Meloidogyne spp. segregated independently (1). Our study also showed that resistance to M. hapla was not correlated with resistance to M. arenaria or M. javanica. The mechanisms of resistance to M. hapla may be different from that of M. arenaria and M. javanica. The difference between resistance to M. arenaria and resistance to M. hapla may not be caused by differences in their parasitism gene. Recent evidence suggests that M. arenaria, M. javanica, M. hapla, and M. incognita may have identical parasitism genes (22, 23) . Therefore, the resistance genes in peanut may be related to differential recognition by the plant of the three Meloidogyne spp.
In summary, the data presented in this report showed that resistance to all three Meloidogyne spp. exists within cultivated peanut (A. hypogaea), either with or without introgressed genes from wild species. We identified several additional genotypes with moderate resistance to M. arenaria and M. javanica, such as D009, D031, D040, D054, D099, D998, D999, 950521, 950530, 970101, and 990304. The level of resistance in these genotypes was as good as or better than the resistance in the MR genotype C209-6-37. These genotypes may have different resistance genes from released M. arenaria-resistant germplasm (3,36,41) because they do not have introgressed genes from wild species. We identified peanut genotypes with high and moderate resistance to M. hapla. The 3 HR genotypes and most of the 18 MR genotypes do not have introgressed genes from wild species, whereas some MR genotypes, such as C724-19-11, COAN, NR 0817, GP-NC WS 6, and C724-25-8, have introgressed genes. Although the genetics of the resistance to M. hapla in peanut has not been determined, we believe that the selected genotypes will be valuable for developing new peanut cultivars with broad and durable resistances to Meloidogyne spp.
